There is evidence that the cerebellum is involved in motor learning and cognitive function in humans. Animal experiments have found structural changes in the cerebellum in response to long-term motor skill activity. We investigated whether professional keyboard players, who learn specialized motor skills early in life and practice them intensely throughout life, have larger cerebellar volumes than matched non-musicians by analyzing high-resolution T 1 -weighted MR images from a large prospectively acquired database (n = 120). Significantly greater absolute (P = 0.018) and relative (P = 0.006) cerebellar volume but not total brain volume was found in male musicians compared to male non-musicians. Lifelong intensity of practice correlated with relative cerebellar volume in the male musician group (r = 0.595, P = 0.001). In the female group, there was no significant difference noted in volume measurements between musicians and non-musicians. The significant main effect for gender on relative cerebellar volume (F = 10.41, P < 0.01), with females having a larger relative cerebellar volume, may mask the effect of musicianship in the female group. We propose that the significantly greater cerebellar volume in male musicians and the positive correlation between relative cerebellar volume and lifelong intensity of practice represents structural adaptation to long-term motor and cognitive functional demands in the human cerebellum.
Introduction
Structural differences exist in the human brain, that correlate with gender, handedness, degree of functional lateralization and special skills (Witelson, 1989; Peters, 1991; Schlaug et al., 1995a,b; Steinmetz et al., 1995; Amunts et al., 1997 Amunts et al., , 2000 Maguire et al., 2000; Schneider et al., 2002) . We, as others, have been particularly interested in the brain structure of musicians, whether it differs from that of non-musicians and whether training could account for these differences (Meyer, 1977; Schlaug et al., 1995a,b; Amunts et al., 1997; Zatorre et al., 1998; Schneider et al., 2002) . Structural brain differences between musicians and non-musicians have been reported to exist in the posterior superior temporal lobe (Schlaug et al., 1995a; Zatorre et al., 1998) , auditory cortex (Schneider et al., 2002) , corpus callosum (Schlaug et al., 1995b) and motor cortex (Amunts et al., 1997) . Behavioral correlates are noted in these studies: increased left-ward asymmetry of the planum temporale is seen in musicians with absolute pitch; larger gray matter volume of the Heschl's gyrus was associated with an enhanced activation on listening to sinusoidal tones; larger non-dominant motor cortex is seen in key-board players correlating with higher nondominant index finger tapping rates and earlier commencement of training and larger anterior corpus callosum in musicians who commence musical training before the age of seven. A lthough it appears a relationship exists between behavior and structure in musicians, the nature of this relationship has not been established.
Results from animal studies suggest a causal relationship exists between motor skill acquisition and practice and structural changes in the cerebellum (Black et al., 1990; Anderson et al., 1994; Kleim et al., 1997; Anderson et al., 2002) . The traditional view of cerebellar function has expanded from one of motor coordination to involve motor skill acquisition (Marr, 1969; Black et al., 1990; Seitz et al., 1994; Kleim et al., 1997; Mauk et al., 1998; Thach, 1998) and varied cognitive and sensory discrimination tasks (Kim et al., 1994; Raichle et al., 1994; Fiez et al., 1996; Gao et al., 1996; Allen et al., 1997; Holcomb et al., 1998; Schmahmann and Sherman, 1998; Timmann et al., 2002) .
Noting the previously reported correlations between certain brain structures and certain musical skills (Schlaug et al., 1995a,b; Amunts et al., 1997; Zatorre et al., 1998; Schneider et al., 2002) and the emerging evidence of the importance of the cerebellum to motor skill acquisition and many cognitive functions, we investigated whether the cerebellar volume of musicians is greater than that of non-musicians and whether there is a correlation between volume measurements and training intensity parameters.
Materials and Methods

Subjects
The data were derived from a prospectively acquired database of musicians and non-musicians. In a retrospective analysis we selected all right-handed keyboard players who had complete data sets of their biographical information including lifelong practice times. Sixty right-handed keyboard players were identified (30 male and 30 female). They were matched for handedness, gender, approximate height and age to non-musicians from our database. The subjects classified as musicians had to be professional, classically trained keyboard players and the subjects classified as non-musicians had never received formal musical training or played a musical instrument. Twenty-three of the 60 musicians played a string instrument in addition to the piano. Non-musicians were students or young professionals at local colleges and universities that responded to ads placed in colleges, hospitals and medical schools. All subjects, musicians and non-musicians, selected for this analysis were consistently right-handed according to hand preference questionnaires (Annett, 1970; Amunts et al., 1997 Amunts et al., , 2000 and an index finger tapping test (Peters and Durding, 1978) . A ll subjects filled out a musical background questionnaire to record the age of commencement of musical training, number of years of practice and intensity of lifelong practice (self estimates of the hours of practice per day for each five year interval from the age of commencement, averaged over the number of years of practice to give a lifetime average hours per day). This questionnaire included further questions addressing the acquisition and practice of other motor skills, which included sports, typing and hobby-related skills, and this data was recorded in a categorical format. In addition, all subjects had undergone a brief test to assess their verbal IQ using the Shipley-Hartford Vocabulary and Abstraction test. This variable correlates highly with the WAIS full scale IQ and therefore, was converted to this scale according to age level (Paulson and Lin, 1970) .
Informed consent was obtained from each subject according to the declaration of Helsinki and the protocol and consent process was approved by the Institutional Review Board of Beth Israel Deaconess Medical Center, Boston.
Methods
All subjects underwent high resolution 'anatomical' imaging of the brain using a T 1 -weighted MR sequence (1 mm 3 voxel size) with sagittal slice orientation (160 slices) on a 1.5 Tesla Siemens Vision MR scanner. Volumetric processing was performed in a method similar to that described by Luft et al. (Luft et al., 1998) .
Using custom-made software implemented in the Advanced Visualization Systems (AVS) software package on Hewlett Packard workstations, MR images were segmented into brain and non-brain tissue (skull and meninges) for whole brain and cerebellar volumetric measurement using a sobel-based detection and region-growing technique to create a new image, representing purely brain without any scalp and skull (Huang et al., 1993; Peters et al., 2000) . Manual tracing was used to remove any remaining meninges. The cut-off between the brainstem and spinal cord was the last horizontal slice containing cerebellum. A lthough this is somewhat arbitrary, there are no clear and accepted gross anatomical landmarks to differentiate brainstem from spinal cord on MR images. Using the last horizontal slice that contained cerebellum, in brains that were AC-PC aligned, ensured that the cut-off was reliable and similar between brains. Regions of interest consisting of at least 30 voxels were drawn in the lateral ventricles and in the fourth ventricle. Regional means and standard deviations were determined from these regions of interest containing CSF. A mean plus two standard deviations was used as a threshold to separate brain from CSF. The final total segmented brain consisted of the forebrain, cerebellum and brainstem.
The cerebellum was segmented manually from the brainstem and cerebellar peduncles using established anatomical landmarks Press et al., 1989) and criteria similar to those adopted in previous volumetric studies of the cerebellum (Filipek et al., 1994; Luft et al., 1998) . On sagittal slices the cerebellum was separated from the tentorium and remaining meninges by manual tracing (the cerebellum was contained in ∼80 sagittal slices). The cerebellar peduncles were removed from the cerebellar white matter on sagittal slices according to the following procedure ( Fig. 1) : on the mid-sagittal slice a vertical line was drawn (perpendicular to a line connecting the anterior and posterior commissure) which touched the posterior border of the inferior colliculus. This vertical line was superimposed on all sagittal slices and was used as a guide to separate the cerebellar peduncles from the brainstem. Cerebellar cortex anterior to this line was not excluded and was manually traced as part of the cerebellum (note in Fig. 1 that this included parts of the anterior lobe, biventer and f locculus on more lateral slices and of the tonsils and anterior lobe of the vermis on more medial slices). The final segmented cerebellum consisted of the cerebellar hemispheres, deep nuclei and vermis. Total brain and absolute cerebellar volume were the number of voxels (all voxel sizes were 1 mm 3 ) above the CSF threshold.
Two raters, blinded to the identity of the subjects, selected 20 cases randomly from the total 120 cases to define and agree on the above landmarks. Following this process, the inter-rater reliability (Pearson correlation coefficient) for segmented cerebellar volumes on a further 15, previously unselected, brains was found to be 0.92 (two-sided P < 0.01). After this, one of the investigators, blinded to subject identity (gender and group), segmented all 120 cases.
Data Analysis
Cerebellar volume was normalized to reduce intersubject variability. Correlations (bivariate Pearson correlations with two-tailed tests of significance) were tabulated between (a) absolute cerebellar volume (aCV) and total brain volume (tBV) and (b) aCV and body height in order to determine whether tBV or body height should be selected to correct for inter-subject variability in cerebellar volume due to these factors. There was a higher correlation between aCV and tBV (r = 0.677, P < 0.001) than there was between aCV and body height (r = 0.331, P < 0.001) (two-tailed, Pearson Correlation). Therefore we chose to normalize aCV to tBV in order to partial out the inter-subject variability in tBV as a source of variance in aCV measurements, by calculating a relative cerebellar volume (rCV) in each subject as a percent ratio of their total brain volume, where rCV (%) = aCV/tBV × 100. There is precedence in Figure 1 . Landmark-based dissection of the cerebellar peduncles from the cerebellar white matter and the brainstem is shown. On the midsagittal slice (slice 81 of 160 in this subject) vertical lines are drawn perpendicular to the bi-commissural line at the AC and PC (arrows) and through the posterior border of the inferior colliculus (arrowhead). These lines are overlaid on all sagittal slices and the latter vertical line is used to dissect the cerebellar peduncles from the brainstem. A representative selection of slices is shown from one subject from medial to lateral (slice numbers are placed on bottom right corner of each slice). selecting brain volume or brain weight rather than body height to normalize brain morphometric data (Passingham, 1979; Witelson, 1989; Peters, 1991; Steinmetz et al., 1995) .
Three two-by-two (gender × musicianship) factorials were performed to assess the effect of gender and musicianship on tBV, aCV and rCV. Post hoc testing employed Bonferroni adjusted comparisons for the planned comparisons, using adjusted Student's t-tests. The main effects were significant for gender in terms of tBV and aCV as has been previously described (Nopoulos et al., 2000; Raz et al., 2001) . All P values reported are two-tailed. Similarly, Bonferroni-adjusted Student's t-tests were employed to assess whether the male and female musician groups differed in any of the measures of musicianship recorded from the questionnaire, namely, age of commencement of training, number of years of practice and lifelong intensity of practice or whether they differed in age. Furthermore we compared the data of body length, age and IQ between and within each gender group to determine whether there was a difference between genders or between musicians and non-musicians. This would indicate how well matched the groups were.
Bivariate Pearson correlations with two-tailed tests of significance were then performed within the male and female musician groups in order to assess the relationship between tBV, aCV and rCV and age of commencement of training, number of years of practice and intensity of lifelong practice. Amount of time spent per week on non-musical motor skills was categorical data, recording whether or not the subject performed sports or motor-skilled hobbies, including typing, the differences between the groups were analyzed with non-parametric significance testing.
Results
Volume Measurements: Analysis of Variance
A ll group means in tBV, aCV, rCV, height, age and estimated WA IS full scale IQ from Shipley-Hartford total raw scores are noted in Table 1 . Within each gender, musicians and nonmusicians did not differ significantly in height, age or IQ (all Ps > 0.05). A series of two-way factorials were performed across tBV, aCV and rCV with musicianship and gender as factors. In terms of tBV, the interaction of the factors (F = 0.176, P > 0.05) and effect for musicianship (F = 0.557, P > 0.05) were not significant, but a significant effect for gender (F = 37.647, P < 0.0005) was found, with males having a greater tBV than females. Similarly, for aCV, there was no significant interaction (F = 2.99, P > 0.05) or main effect for musicianship (F = 3.40, P > 0.05), but the main effect of gender was significant (F = 8.09, P < 0.005), with males having a greater aCV than females. An analysis of rCV did reveal a significant gender by musicianship interaction (F = 7.169, P < 0.01). Here also, there was no main effect for musicianship (F = 2.429, P > 0.05) but a significant main effect for gender (F = 10.41, P < 0.01), notably with females having a greater rCV than males.
Employing planned comparisons, the nature of the interaction was examined within each of the genders. In the female group, no significant difference was found between the musicians and non-musicians for height (P = 0.113), age (P = 0.702), tBV (P = 0.397), aCV (P = 0.933) and rCV (P = 0.411). In the male group there was a significant difference in rCV (P = 0.006) between musicians (10.46%, SD 0.69) and non-musicians (9.95%, SD 0.70), also a significant difference between the aCV (P = 0.018) of the male musicians (147.13 cc, SD 10.01) and non-musicians (139.43 cc, SD 14.05). Male musicians did not differ significantly from male non-musicians in tBV (P = 0.824), height (P = 0.644) or age (P = 0.392).
Parameters of Training Intensity: Analysis of Variance of Between Groups and of Correlation with Volume Measurements
Pearson correlation coefficients for the relationship between volume measurements for all musicians and the recorded measures of musicianship are reported in Table 2 . A significant positive correlation (r = 0.595, P = 0.001, two-tailed) was found between intensity of practice and rCV in the male musician group (Fig. 2) . Age of commencement of training and total years of musical training were not significantly associated with rCV in the male musician group and there was no significant correlation between the measures of musicianship and tBV or aCV. There was no significant correlation found in the female musician group or the whole musician group between the measures of musicianship and the variables of tBV, aCV and rCV.
There was no significant differences noted between the male and female musician group in total years of musical training and intensity of practice; significant differences were noted between the male and female musicians in age of commencement of musical training, with the female music group starting slightly , rCV (% of total brain volume). Significant group differences are indicated: †P < 0.05, *P < 0.01, + P < 0.005, # P < 0.001. earlier than the male group (Table 3) and also in age at scanning with the female group being slightly younger than the male group (Table 1 ). There were no significant differences noted between the musician and non-musician groups of each gender for other examined variables including height, age and IQ. The distribution of those who spent time on non-musical motor skills was similar in all groups.
Discussion
Significantly Larger Cerebellar Volume in Male Musicians Correlates with Lifelong Intensity of Practice
Through morphometric analysis of total brain and cerebellar volume using high resolution MRI, we demonstrated that the male musician group had significantly larger aCV and rCV than the non-musician group. The difference amounts to a cerebellar volume difference between male musicians and non-musicians of ∼5% (mean aCV of 147.13 cc and rCV of 10.46% in male musicians compared w with an aCV of 139.43 cc and rCV of 9.95% in male non-musicians). There was no significant difference in mean tBV between these groups. Average brain size measurements vary greatly depending on the sample examined and methodology employed (Peters et al., 1998) . The mean tBV and aCV in the current study (excepting the female musicians, as discussed below) are equivalent to values obtained from MRI using similar (Luft et al., 1998 (Luft et al., , 1999 and different (Giedd et al., 1996; Nopoulos et al., 2000) methodologies.
For the male musician group, there was a significantly positive correlation between the intensity of practice throughout life and rCV. There was no significant correlation between age of commencement of musical training or the total number of years of training and the cerebellar volume in the male musician group. Other studies have found correlations between the age of commencement of musical training and the degree of functional or structural difference that was found between musicians and non-musicians (Elbert et al., 1995; Schlaug et al., 1995b; Amunts et al., 1997; Pantev et al., 1998) . From these correlations it has been speculated that if differences in brain structure and function associated with specific musical skills exist in professional musicians, it is because they commence tuition and practice intensely during a critical time point in brain development (Elbert et al., 1995; Schlaug et al., 1995a,b; Amunts et al., 1997; Pantev et al., 1998) . Our study supports this speculation in that we found the more intensely a male musician practices, the larger his cerebellum. Most of the musicians examined in this study commenced tuition at an early age (mean of 6.4 ± 1.96 years for the male musician group) therefore the poor spread in this variable may have obscured a possible correlation between age of commencement of tuition and cerebellar volume in musicians. Although our findings support the hypothesis that structural change can occur in the brain in response to behavior, it remains possible that individuals with larger cerebellums have an affinity to the acquisition and practice of musical skill and therefore select it as a chosen behavior. A longitudinal study is required to definitively establish causal relationships between function and structural change.
The Importance of the Cerebellum to Musical Skill?
A lthough contested (Llinas and Welsh, 1993; Nixon and Passingham, 2000; Bischoff-Grethe et al., 2002) , investigators using varied methodologies have demonstrated cerebellar involvement in motor learning (Kleim et al., 1997; Mauk et al., 1998; Thach, 1998; Seitz et al., 1994; Attwell et al., 2002) and many cognitive functions (Leiner et al., 1986; Courchesne et al., 1988; Kim et al., 1994; Middleton and Strick, 1994; Raichle et al., 1994; Fiez et al., 1996; Gao et al., 1996; Allen et al., 1997; Holcomb et al., 1998; Schmahmann and Sherman, 1998; Timmann et al., 2002) . It has been proposed that the cerebellum processes motor, sensory and cognitive data in a similar manner, predicting information acquisition and coordinating responses (Leiner et al., 1995; A llen et al., 1997; Schmahmann and Sherman, 1998; Fiez, 1999) . The cerebellum appears to be particularly important in the early error-driven adaptation phase of motor and cognitive skill learning and with increasing skill expertise the cerebellum is less active (Raichle et al., 1994; Seitz et al., 1994; Toni et al., 1998) . We would speculate that such adaptation to error in motor and non-motor skill acquisition is an important part of the intensity of practice variable that was recorded in the professional keyboard players we studied.
As expected, cerebellar activation is noted on functional imaging of musicians while playing (Sergent et al., 1992) , but also during motor sequence learning (Hund-Georgiadis and von Cramon, 1999) and the performance of many non-motor musical skills (Parsons, 2001) . It is possible the cerebellar volume difference noted in musicians is associated with a specific motor or cognitive function, such as motor consolidation (Attwell et al., 2002) or tone recognition (Holcomb et al., 1998) . Topographic specialization and lateralization of function has been noted in neuroimaging studies of the cerebellum (Allen et al., 1997; Raichle et al., 1994; Fink et al., 2001) . However, in the current study we did not sub-divide the cerebellum to determine if a specific anatomic or functional subregion dominated in the volume difference noted, as, no specific component of musical skill has been associated with the cerebellum, there were many possible candidate subregions that could be examined and to examine them all would significantly reduce the statistical power of our investigation. Figure 2 . The relationship between relative cerebellar volume (rCV as a % of total brain volume) and lifelong intensity of practice (hours per day averaged over years of practice) for the male musician group. Bivariate Pearson correlation analysis revealed a significant positive correlation between the variables (r = 0.595, P = 0.001, two-tailed). In each subgroup (n =); Age of commencement of musical training (years of age); Intensity of practice (average hours per day over lifetime of practice); Years of practice (years of practice since commencement of musical training). + Significant difference P < 0.005.
The Relationship Between Function and Structure in the Cerebellum
Similar to other structure-to-function correlations (Witelson, 1989; Schlaug et al., 1995a,b; Steinmetz et al., 1995; Amunts et al., 1997 Amunts et al., , 2000 Zatorre et al., 1998; Maguire et al., 2000) , we are unable to determine whether the structural difference (cerebellar volume) exists as a result of the difference in function (intensity of practice) or whether the structural difference enabled the difference in function to arise. However, animal studies demonstrate that differences in behavior can lead to structural change in the cerebellum. Motor skill learning animals have quantifiable microstructural changes in Purkinje cells and the molecular layer when compared with motor exercise animals (Black et al., 1990; Anderson et al., 1994; Kleim et al., 1997) . Pysh and Weiss (Pysh and Weiss, 1979) quantified that the molecular layer was 10% larger in area and depth in active compared to inactive infant mice. The sum of such microstructural changes in these skill-learning animals may amount to a volume difference (Andersen et al., 2002) which is similar to that found in the male musician group (approximately a 5% volume difference).
No Significant Effect of Musicianship on Cerebellar Volume in the Female Group but Significantly Larger Relative Cerebellar Volume in Females Compared to Males
The effect of musicianship on cerebellar volume was only significant in the male subgroup and was not seen in either the female subgroup or, therefore, the whole group. The absence of an effect in the female subgroup is not apparent. The male and female musician groups were well matched for number of years of practice and intensity of practice. The female musicians were significantly younger than the males at imaging (mean age of 23.57 compared with 26.53) and significantly younger at age of commencement of musical tuition (mean age of 4.81 compared with 6.40), however this difference would be expected to exaggerate effects of musicianship in the female group. The sample size employed was appropriate to find a 5% difference in aCV (effect size, d = 0.60; alpha, two-tailed = 0.05) in a Student's t-test with power calculated as 0.913, and this post hoc power calculation compares favorably to other morphometric studies in the cerebellum were it can be calculated [(Nopoulos et al., 2000) have an effect size, d = 0.60; alpha, two-tailed = 0.05; power calculated as 0.773)]. It is of interest to note that the mean aCV of both female groups are equivalent and almost reach the mean aCV for male non-musicians, whereas the mean tBV of both female groups are significantly smaller than the mean tBV of both male groups. These results equate to the female groups, separately and as a whole, having significantly greater mean rCV than the male non-musician group and the whole male group. The effect of gender on total brain volume and weight is known (Dekaban, 1978; Giedd et al., 1996) . The differential effect of gender on tBV and aCV that is noted in this study has been observed before in studies where both tBV and aCV are measured but little commentary has been made about the relatively larger cerebellar, in relation to cerebral, volume in females (Luft et al., 1998; Nopoulos et al., 2000) . Gender differences have been demonstrated in other brain structures (Witelson, 1989; Witelson and Kigar, 1992; Steinmetz et al., 1995; Amunts et al., 2000) . It is not evident why the cerebellum is relatively larger in females. Although differences in various motor and cognitive measures have been associated with gender (Hantz et al., 1996; Nicholson and Kimura, 1996; Sanders and Wenmoth, 1998; Kansaku et al., 2000) , gender effects on specific cerebellar associated functions have not been examined. Two studies of resting cerebellar metabolism have noted significant gender differences (Gur et al., 1995; Volkow et al., 1997) but have divergent results. Gender could inf luence brain function and structure through many mechanisms; sex difference affects animal models of cortical plasticity (Teskey et al., 1999) and estrogen increases synaptic density in the hippocampus of rats (Woolley and McEwen, 1992) .
We speculate that the strong gender effect that produces a relatively larger cerebellar volume in females may mask the effect of musicianship in this group. Caviness et al. (Caviness et al., 1996) found that females, unlike males, reach adult cerebellar volume earlier in childhood, at this time both genders have equivalent relative cerebellar volumes. If both female musicians and non-musicians, under a stronger gender inf luence, reach cerebellar maturity at this earlier age, hitting a ceiling in structural development, the skill acquisition and long-term motor activity effects of professional musicianship subsequent to this time may be seen outside the cerebellum in other brain regions. It is of interest to note that there was a slight nonsignificant trend for larger total brain volume in female musicians that may support this speculation. It is also notable that the female non-musician group did not differ significantly from the other groups in verbal IQ or report of non-musical motor skills that might have accounted for the similarity in aCV between this group and female musicians.
Conclusion
In conclusion, this study finds a significant difference in absolute and relative cerebellar volume between male musicians and non-musicians. Relative cerebellar volume correlates positively with intensity of musical training throughout life in the male musician group. There is a strong effect of gender on relative cerebellar volume, with greater rCV in both female groups. These findings add to others (Elbert et al., 1995; Schlaug et al., 1995a,b; Steinmetz et al., 1995; Amunts et al., 1997; Pantev et al., 1998; Zatorre et al., 1998) that demonstrate structural and functional differences between the brains of musicians and non-musicians that positively correlate with early commencement of musical training. A correlation with lifelong training intensity has not been described in prior studies. Based on these correlations and inferences from animal studies, we would propose that the brain structural differences found in musicians are more the result of adaptation to the rigors of musical training, perhaps at a critical period of brain development, rather than the innate properties of a group of individuals who self-select themselves at an early age to become musicians. A longitudinal study is required to examine this hypothesis.
